Unlike its mammalian counterpart, the adult zebrafish heart is able to fully regenerate after severe injury. One of the most important events during the regeneration process is cardiomyocyte proliferation, which results in the replacement of lost myocardium. Growth factors that induce cardiomyocyte proliferation during zebrafish heart regeneration remain to be identified. Signaling pathways important for heart development might be reutilized during heart regeneration. IGF2 was recently shown to be important for cardiomyocyte proliferation and heart growth during mid-gestation heart development in mice, although its role in heart regeneration is unknown. We found that expression of igf2b was upregulated during zebrafish heart regeneration. Following resection of the ventricle apex, igf2b expression was detected in the wound, endocardium and epicardium at a time that coincides with cardiomyocyte proliferation. Transgenic zebrafish embryos expressing a dominant negative form of Igf1 receptor (dn-Igf1r) had fewer cardiomyocytes and impaired heart development, as did embryos treated with an Igf1r inhibitor. Moreover, inhibition of Igf1r signaling blocked cardiomyocyte proliferation during heart development and regeneration. We found that Igf signaling is required for a subpopulation of cardiomyocytes marked by gata4:EGFP to contribute to the regenerating area. Our findings suggest that Igf signaling is important for heart development and myocardial regeneration in zebrafish.
Introduction
Most adult cardiomyocytes in mammals are generally thought to have permanently exited the cell cycle and are thus unable to proliferate [1, 2, 3, 4] . As a result, adult mammalian hearts fail to regenerate in response to damage or disease. This fundamental problem can lead to heart failure following myocardial infarction, which remains the leading cause of death in developed countries [5] . Therefore, regenerative therapeutics are desperately needed for patients with coronary heart diseases. More recent evidence suggests that mammalian cardiomyocytes can also undergo limited proliferation for homeostatic renewal and after myocardial infarctions [6, 7] . However, the number of proliferating cardiomyocytes is very small and the natural turnover of adult cardiomyocytes is not sufficient for regenerating damaged hearts. Sereval attempts have been undertaken to identify mitogens of mouse cardiomyocytes and promoting cardiomyocyte proliferation by addition of growth factors to mouse hearts has been shown to enhance the repair process in these models [8, 9] .
Due to its natural capability to regenerate the heart and other organs, the zebrafish can be used as a blueprint for the design of regenerative therapies. Zebrafish hearts fully regenerate within 1-2 months after amputation of 20% of the ventricle [10, 11, 12, 13, 14, 15] . Zebrafish hearts regenerate by undergoing dedifferentiation and proliferation of cardiomyocytes [16, 17] . Cardiomyocyte proliferation starts from 7 days post amputation (dpa) and peaks at 14 dpa [10] . Recent findings from Kikuchi et al. suggest that a population of cardiomyocytes marked by gata4:EGFP in the sub-epicardial compact myocardium plays a major role in replacing lost cardiomyocytes [17] . The signals that induce cardiomyocyte proliferation have not been identified. Since gata4:EGFP positive cardiomyocytes are mainly located in compact myocardium, it was postulated that the mitogens for this population likely originate from the adjacent epicardium [14] .
Zebrafish heart regeneration recapitulates many steps that occur during embryonic development. During heart growth of mid-gestation mouse embryos, mitogens originating from the epicardium play essential roles in inducing cardiomyocyte proliferation in the myocardium. Insulin like growth factor (IGF) 2 was recently identified as one of these mitogens. Its expression is regulated by hepatic erythropoietin (EPO) and indirectly by retinoic acid (RA) [18, 19] . IGF2 is a ligand for both IGF1 receptor (IGF1R) and insulin receptor (INSR) isoform A and signals through several signaling cascades including the Akt-PI3K and RAF-MEK-ERK1/2 pathway [20, 21] . However, IGF2 is probably not the only epicardial mitogen for cardiomyocytes, since Igf2 knockout mice still have 20-25% cardiomyocytes undergoing proliferation [19] . In zebrafish, there are two igf2 genes, igf2a and igf2b [22] . Igf signaling has been shown to be important for zebrafish fin regeneration, and specifically for signaling between the blastema and wound epidermis [23] .
In this study, we determined the functions of Igf signaling in zebrafish heart regeneration. We found that igf2b is expressed in the epicardium, wound, and endocardium. Blocking Igf signaling using a dominant-negative form of Igf1 receptor (dn-Igf1r) or a selective Igf1r inhibitor results in impaired heart development in Figure 1 . igf2b is upregulated during zebrafish heart regeneration. In situ hybridization (ISH) was performed on sham operated hearts (A) and 3 dpa (B), 7 dpa (C), 10 dpa (D) and 14 dpa (E) regenerating hearts. There is no detectable igf2b expression in sham-operated hearts by ISH, whereas strong expression is induced in endocardium (arrows in B and inset B') and epicardium (arrows in C and inset C') near the wound following amputation of the ventricular apex. Red dashed lines mark the amputation site and wound area. v: ventricle, ia: injured area, epi: epicardium. Scale bar = 100 mm. (F) Quantitative RT-PCR of igf 2b expression at 3, 7, 10 and 14 dpa compared to uncut hearts. doi:10.1371/journal.pone.0067266.g001
zebrafish. We further demonstrated that Igf signaling is required for cardiomyocyte proliferation during zebrafish heart development and regeneration. Specifically, the contribution of the gata4:EGFP population to the regenerating area is impaired. Our work identifies an evolutionarily conserved role of IGF signaling in heart development and an important role in cardiomyocyte proliferation during heart regeneration. Igf signaling is required for proper cardiomyocyte number in zebrafish embryonic hearts. The number of ventricular cardiomyocytes (area encircled by dotted line) number decreased in embryos when Igf1r signaling was blocked. (A) Tg(myl7:nDsRed) single transgenic and (C) Tg(hsp:dnigf1ra-GFP; myl7:nDsRed) double transgenic embryos (n = 16) were heat shocked at 40uC for 30 min around 48 and 72 hpf and observed at 76 hpf. dnigf1ra embryos can be identified by GFP expression (C' inset). Tg(myl7:nDsRed) single transgenic siblings (n = 16) were used as controls. myl7:nDsRed embryos were treated with Igf1r inhibitor (D) (n = 20) and DMSO as a control (B) (n = 20) from 48 to 72 hpf and observed at 76 hpf. a: atrium, v: ventricle. Scale bar = 20 mm. (E, F) Quantification of mean ventricular cardiomyocyte number 6 S.E. (***p,0.0001; **p,0.001). Fewer ventricular cardiomyocytes were observed around 76 hpf after Igf1r signaling was blocked. doi:10.1371/journal.pone.0067266.g002
Methods

Zebrafish Usage and Experimental Manipulation
Zebrafish used in this study were maintained using standard methods [24] . The transgenic lines Tg(hsp70:dnigf1ra-GFP), Tg(myl7:nDsRed) (previously named cmlc2:nDsRed), Tg(myl7:EGFP) (previously named cmlc2:EGFP) and Tg(gata4:EGFP) have been described before [25, 26, 27, 28] . Fish that were older than 6 months were used for regeneration studies. The heart amputation procedure was performed as described [10, 29, 30, 31] ; all protocols were approved by Children's Hospital Los Angeles IACUC. For transgene induction, adult zebrafish and control zebrafish were heat shocked once daily by transferring fish tanks into a 38uC water bath for 1 h. To induce transgene expression during heart development, Tg(hsp70:dnigf1ra-GFP) and control sibling embryos were heated shocked at 40uC for 30 min. For pharmacological inhibition of IGF, adult transgenic fish or wildtype Ekk fish were treated with Igf1r inhibitor NVP-AEW-541 (Cayman Chemical) at 5 mM and embryos were treated in E3 media containing the same inhibitor at 10 mM. DMSO was used as a control in both embryo . Igf signaling is required for cardiomyocyte proliferation during zebrafish heart regeneration. Cardiomyocyte proliferation was decreased after Igf signaling was blocked during zebrafish heart regeneration. Tg(hsp70:gal4) control (n = 5) (A, A', A'') and Tg(hsp70:dnigf1ra-GFP) transgenic zebrafish (n = 7) (B, B',B'') zebrafish were heat shocked for 1 h at 38uC after amputation from 2-10 dpa. BrdU (green) and Mef2 (red) double positive cells indicate proliferating cardiomyocytes (A, A', B, B'). A' and B' are the higher magnification images of the dashed boxes in A and B. A'' and B'' are the higher magnification images of the dashed boxes in A' and B'. The yellow box indicates the wound area; cardiomyocytes were counted in and adult experiments. To measure cardiomyocyte proliferation, BrdU was added in to fish water from 7dpa to 10dpa at 50 mg/mL for in vivo labeling of adult fish; and from 48-72 hpf at 5 mg/mL for labeling of embryos [32] .
In situ Hybridization (ISH)
ISH was performed as described [31, 33] . The probes for igf2a and igf2b were generated by PCR using the following primers: igf2a:
F-CCATCCCAAATGGCAACAAACAA, R-TCCA-CAGCCAGCCAACATTTTC;
igf2b: F-AAAGACAG-GATCGTTTGCAC, R-CTGGAACAGGAATCTAATTTTAC.
Quantitative RT-PCR
Total RNA was extracted using TRIzolH RNA isolation reagents from Invitrogen. cDNA was synthesized using SuperScriptH III First-Strand synthesis kits (Invitrogen). Real-time quantitative PCR was carried out using the Roche LightCyclerH 480 Real-Time PCR System. RT-PCR reactions were carried out in a 20 ml volume with 0.2 mM gene specific primers and detected with a universal probe from Roche. Zebrafish eef1a1l1 primer was used as an internal control to ensure cDNA quantity and integrity. Cycle values were collected in triplicate at each time point. eef1a1l1-probe#73: F-CCTCTTTCTGTTACCTGGCAA, R-CTTTTCCTTTCCCATGATTGA;
igf2b-probe#110:
Immunostaining
Immunostaining was carried out as described [31] . Briefly, wild type embryos or adult hearts were harvested at 76 hpf and 10 or 14dpa, respectively. They were then fixed, sectioned and stained with anti-BrdU antibody (Abcam) and anti-MEF2 (Santa Cruz) antibody. Both were used at a 1:500 dilution after heat antigen retrieval.
Imaging of Zebrafish Embryos and Adult Hearts
Imaging of embryos and sections was performed using confocal microscopy (Zeiss LSM710 710) and a fluorescent microscope (Leica DMIRE2). Images were acquired as a lambda stack and processed using Zen (Zeiss, Germany), then quantified using Image J (NIH). Whole mount confocal imaging was used to image hearts from Tg(gata4:EGFP) fish and Tg(myl7:ndsRed; hsp70:dnigf1ra-GFP) embryos. After removal from the zebrafish, hearts were cleaned in 1x PBS then fixed briefly (approximately 30 seconds) in 4% PFA in PBS. Hearts or embryos were then mounted and orientated in 1% low melting-point agarose to be imaged using an inverted confocal microscope.
Quantification and Statistics
To quantify cardiomyocyte proliferation in embryos, all visible sections of hearts from each embryo were imaged using a 20X objective. The numbers of Mef2 + and Mef2 + BrdU + cells were manually counted using Image J software (NIH). The percentages of Mef2
+
BrdU
+ cells from each embryo were averaged to determine the BrdU incorporation rate.
To quantify cardiomyocyte proliferation in adult hearts, three sections showing the largest wounds were selected from each heart, and images were taken using a 20X objective. Using Image J, the numbers of Mef2 + and Mef2 + BrdU + cells were manually counted within a defined region (yellow box shown in figures) including the majority of Mef2 + BrdU + cardiomyocytes near and within the injured area. The percentages of Mef2 + BrdU + cells from the three selected sections were averaged to determine a proliferation rate for each heart.
To quantify gata4:EGFP positive cardiomyocyte proliferation in adult hearts, three sections showing the largest wounds were selected from each heart, and images were taken using a 10X objective. Using Image J, GFP + BrdU + cells were manually counted and the GFP-expressing area was measured. GFP + BrdU + double positive cells per unit area from the three selected sections were averaged to determine a proliferation rate for each heart. To quantify scar formation after DMSO or Igf1r inhibitor treatment at 30 dpa in adult hearts, three sections showing the largest scar area were selected from each heart. Using Image J, the area of scar and ventricle was measured. The ratio of scar/ ventricular area from the three selected sections was averaged for each heart. Student's t-test was used to determine statistical significance (p,0.05).
AFOG Staining
To identify collagen scars, AFOG staining was performed as described [10] .
Results
igf2b is Up-regulated during Zebrafish Heart Regeneration
Using microarray based gene expression analysis, we previously identified igf2 as one of the candidate growth factor genes that are upregulated during zebrafish heart regeneration [31] . To determine the spatial expression patterns of igf2 after ventricular resection, we performed section in situ hybridization (ISH) of igf2a and igf2b in wild type zebrafish hearts. In sham-operated hearts, there was no detectable igf2a or igf2b expression (Fig. 1A, Fig.  S1A ). Between 3-10 days post-amputation (dpa), igf2b was expressed in part of the endocardium close to the wound, in epicardium adjacent to the amputation plane, and in the wound (Fig. 1B-E) . Its expression starts to decrease by 10 dpa (Fig. 1D-F) . This is consistent with a functional role of Igf signaling in regeneration, as the peak of cardiomyocyte proliferation occurs between 7-14 dpa [10] . Interestingly, in mice Igf2 is expressed in both the epicardium and endocardium of the developing hearts [19] ; similarly, igf2b is expressed in the zebrafish embryonic hearts [34] . Induction of igf2b expression during zebrafish heart regeneration suggests that developmental genes are reactivated during the regenerative process. We did not detect igf2a expression in the regenerating hearts using ISH (Fig. S1 ).
Zebrafish Embryonic Heart Development Requires Igf Signaling
Embryos in which igf2b activity had been knocked down using morpholino oligonucleotide injection showed early developmental heart defects in atrioventricular boundary specification and cardiac looping [34] . IGF2 signaling was recently shown to play an important role in cardiomyocyte proliferation during midgestation cardiac growth in mice [19] . heart growth has not been previously studied in fish embryos. To determine the role of Igf signaling in zebrafish heart development at a later stage, we utilized an inducible transgenic zebrafish line in which a dominant-negative Igf1ra variant fused to GFP is driven by a heat shock promoter [Tg(hsp70:dnigf1ra-GFP)] [25] . Tg(hsp70:dnigf1ra-GFP) fish were crossed to Tg(myl7:nDsRed) fish, in which cardiomyocytes are marked with red fluorescence [26] ; embryos were heat shocked at 40uC for 30 min at 48 hr and 72 hr post-fertilization, and ventricular cardiomyocytes were counted at 76 hr. We measured a 24.6% decrease (mean 6 SEM: GFP 2 = 120.163.86; GFP + = 90.563.49) in cardiomyocyte number in double transgenic embryos relative to heat shocked sibling control embryos (Fig. 2A, C, and E) . We further tested a selective Igf1r chemical inhibitor, NVP-AEW-541, which blocks the ATP binding site of mammalian IGF1R [35] . NVP-AEW-541 is also effective in blocking Igf1r during zebrafish development and was shown to inhibit fin regeneration in adult fish [23, 25] . Igf1r inhibitor-treated zebrafish embryos have 20.2% fewer cardiomyocytes (mean6SEM: DMSO = 146.667.80; NVP-AEW541 = 117.0616.70) compared to DMSO treated embryos (Fig. 2B , D, and F; see also Fig. S2A-E) . We also observed abnormal heart looping ( Fig. S3A and B) and reduced blood circulation in NVP-AEW-541 treated embryos, similar to previously reported defects in embryos injected with dnigf1r RNA [34] , further validating the efficacy of NVP-AEW-541.
To further confirm the defects we observed after blocking Igf signaling were due to defects in cardiomyocyte proliferation, we measured DNA synthesis using BrdU incorporation from 48-72 hpf. Cardiomyocytes were identified by Mef2 staining. We observed a 40.79% decrease (mean 6 SEM: DMSO = 38.5163.43%; NVP-AEW541 = 22.8062.66%) in BrdU incorporation (Fig. 3C ) in NVP-AEW-541 treated embryos ( Fig. 3B and B' ), compared to control embryos treated with DMSO ( Fig. 3A and A' ). These results suggest that Igf signaling is required for cardiomyocyte proliferation during heart development.
Igf Signaling is Necessary for Cardiomyocyte Proliferation During Zebrafish Heart Regeneration
Since igf2b expression is induced during zebrafish heart regeneration, we determined if Igf signaling plays a role in cardiomyocyte proliferation during regeneration, similar to its role during heart development. Tg(hsp70:dnigf1ra-GFP) transgenic fish and Tg(hsp70:gal4) control fish were heat shocked from 2-10 dpa and cardiomyocyte proliferation was measured by BrdU incorporation. Cardiomyocytes were identified by Mef2 staining. At 10 dpa, 10.0861.14% of cardiomyocytes in the regenerating area underwent DNA synthesis in Tg(hsp70:gal4) control fish (Fig. 4A,  A' , A'' and C), while only 5.660.54% of cardiomyocytes were BrdU positive in Tg(hsp70:dnigf1ra-GFP) transgenic fish (Fig. 4B, B' , B'' and C; see also Supplemental Fig. S5 for the non heat-shock control). Inhibition of Igf signaling significantly decreased DNA synthesis in cardiomyocyte (p,0.05) during heart regeneration, although inhibiting Igf signaling does not completely abolish cardiomyocyte proliferation (Fig. 4C) . Similarly, a decrease in cardiomyocyte proliferation (mean 6 SEM: DMSO = 17.8261.83%; NVP-AEW541 = 12.5561.19%) was observed in Igf1r inhibitor-treated fish (Fig. 5B, B' , B'' and C) compared to DMSO treated control fish (Fig. 5A, A' , A'' and C). These results suggest that Igf signaling has an important role as a mitogen in cardiomyocyte proliferation during heart regeneration.
The regenerative response of zebrafish heart to damage is thought to be able to out-compete the fibrosis and scarring responses [10, 17] . When cardiomyocyte proliferation and other responses are defective, scar tissue forms in the heart [10, 17, 33] . To determine if blocking Igf1r signaling inhibits heart regeneration, we heat shocked Tg(hsp70:dnigf1ra-GFP) fish from 2-30 dpa. Unexpectedly, we did not detect any significant increase in collagen scar formation by AFOG staining even after 30 consecutive days of heat-shock induced dnigf1ra-GFP transgene expression (data not shown). However, we also observed significantly decreased expression of the dnigf1ra-GFP transgene at 30 dpa compared to 14 dpa (Supplemental Fig. S4 ). To further dissect the functions of Igf signaling in heart regeneration, we treated wild type fish with NVP-AEW541 from 2-30 dpa. Majority of the DMSO treated control hearts we examined regenerated normally (Fig. 6A) . By contrast, NVP-AEW541 treated hearts showed either excessive fibrin deposition (Fig. 6B ) or collagen deposition (Fig. 6C) . In the hearts with fibrin deposition, the myocardium appeared to be devoid of cardiomyocytes and bulged out (Fig. 6B) . We quantified the amount of scar tissues as a ratio to the ventricle area and found that scar tissues are significantly increased in NVP-AEW541 treated hearts (Mean 6 SEM: DMSO = 0.2560.16%; NVP-AEW541 = 2.0860.68%) (Fig. 6D) . Collectively, these results suggest that Igf signaling is required for heart regeneration.
Igf Signaling is Required for Contribution of gata4:EGFP Positive Subpopulation to the Regenerating Area
In a transgenic zebrafish line harboring a gata4:EGFP reporter, EGFP expression is activated during heart regeneration in the compact layer of myocardium [17] . This gata4:EGFP positive subpopulation of cardiomyocytes proliferates and contributes to the wound area to replace lost cardiomyocytes during regeneration [17] . In control hearts, gata4:EGFP positive cardiomyocytes became activated and covered the majority of wound area during regeneration at 14 dpa, as visualized by whole mount confocal microscopy (Fig. 7A) . When we treated Tg(gata4:EGFP) fish with NVP-AEW541 from 2-14 dpa, we observed activation of the gata4:EGFP reporter, but this subpopulation of cardiomyocytes was completely excluded from the wound area (Fig. 7B) . We further confirmed that blocking Igf signaling prevented gata4:EGFP positive cardiomyocytes from contributing to the regenerating area by imaging histological sections (Fig. 7C, D) . Therefore, Igf signaling is required for the gata4:EGFP-positive subepicardial cardiomyocyte population to contribute to myocardial regeneration.
To further examine if Igf signaling regulates proliferation of the gata4:EGFP positive cardiomyocytes, we treated the Tg(gata4:EGFP) fish with NVP-AEW541 from 7-10 dpa when proliferation of this cardiomyocyte population occurs. After the treatment, expression of gata4:EGFP remain the same in DMSO treated control fish (Fig. 7E) and the NVP-AEW541 treated fish (Fig. 7F) . We next examined if proliferation of gata4:EGFP positive cardiomyocytes was affected by BrdU incorporation. BrdU positive gata4:EGFP cardiomyocytes were quantified in the GFP area around the wound. Although gata4:EGFP cardiomyocytes still underwent DNA synthesis in NVP-AEW541 treated hearts (H, H'), we detected a significant decrease (mean 6 SEM: DMSO = 0.11260.007%; NVP-AEW541 = 0.08360.002%) in BrdU incorporation (Fig. 7I) compared to the control (G, G) . These data suggested that Igf signaling is required for proliferation of gata4:EGFP cardiomyocytes. However, we cannot exclude the possibility that migration of gata4:EGFP cardiomyocytes was also affected.
Discussion
Cardiomyocyte proliferation plays a critical role in zebrafish myocardial regeneration [16, 17] . Growth factors, secreted molecules and extracellular matrix molecules that are essential for adult zebrafish cardiomyocyte proliferation remain to be identified. Genes and factors important for cardiomyocyte proliferation during heart development might play similar roles during regeneration. In this study, we identified Igf2 as a potential cardiomyocyte mitogen during zebrafish heart development and regeneration. Consistent with our findings, Igf2 was shown to function as a cardiomyocyte mitogen during heart growth in embryonic mouse hearts [19] and it can induce DNA synthesis of fetal rat cardiomyocytes in culture [36] . Furthermore, IGF signaling in cardiomyocytes proliferation was shown to be regulated by YAP, a transcriptional coactivator downstream in the Hippo pathway [37] . Our data further suggest that Igf signaling plays an evolutionarily conserved role regulating Figure 7 . Igf signaling is required for contribution of gata4:EGFP positive cardiomyocytes to the regenerating area. gata4:EGFP fish were treated with the Igf1r inhibitor NVP-AEW541 from 2-14 dpa (n = 12) (B, D) and 7-10 dpa (n = 5) (F, H). DMSO was used as a control (14dpa: n = 10; 10 dpa: n = 6) (A, C, E, G). Whole mount confocal microscopy from the view of the apex (A, B, E, F) and frozen sections (C, D, G, H) were performed at 14 and 10 dpa to determine the contribution of the EGFP positive population. BrdU (red) and Gata4 cardiomyocyte proliferation during heart development and might be a good candidate to promote proliferation of cardiomyocytes during repair and regeneration.
We demonstrated that Igf signaling is required for the contribution of a population of subepicardial gata4:EGFP positive compact myocardium to the regenerating site. Igf signaling might be required for proliferation and/or migration of this gata4:EGFP positive subpopulation. Whether a similar population of cardiomyocytes is present in mammalian hearts and whether it can be activated for heart repair remain to be determined. In this study, we utilized two strategies to block Igf signaling: a transgenic zebrafish line expressing a dominant negative form of Igf1ra [25] , and a pharmacological inhibitor of Igf1r [35] . Using our current approaches, we cannot conclude that the effects of blocking Igf1r are cell autonomous to cardiomyocytes. Furthermore, we observed significant down-regulation and silencing of the dnigf1ra-GFP transgene driven by the hsp70 promoter after 30 days of heat shock. Tissue specific knock down of Igf1r signaling in cardiomyocytes using a Cre-Lox based system will be utilized in the future to address this question, specifically in gata4 positive cardiomyocytes. Lineage tracing will also be utilized to determine if Igf signaling regulates migration of gata4:EGFP cardiomyocytes. These experiments are beyond the scope of this study.
During embryonic development, the heart is initially a tube composed of endocardium and myocardium, and it grows first in an anterior-posterior direction then later concentrically by adding cardiomyocytes in a direction perpendicular to the lumen [26, 38] . Before 48 hpf, relative little proliferation can be detected in cardiomyocytes and the heart grows by distinct phases of cardiomyocyte differentiation [32] . Myocardial growth and wall thickening starts in mid gestation in mouse embryos and epicardium is a potential source of mitogens for cardiomyocytes [39] . In zebrafish embryos, the proepicardial organ is first visible at 48 hpf and starts to cover the myocardium at 72 hpf [40] . The timing of cardiomyocyte proliferation we observed correlates well with the timing of when the epicardium appears and starts to cover the myocardium [40] . Thus, the epicardium might be also a source of mitogens for cardiomyocytes in zebrafish embryos. However, we cannot rule out that the endocardium is another source of mitogens for cardiomyocyte proliferation in zebrafish.
Our data suggest that Igf signaling is required for zebrafish heart regeneration. Nonetheless, Igf2 is probably not the only cardiomyocyte mitogen that is utilized during regeneration; other growth factors likely account for the remaining proliferative capacity that supports regeneration. Tgfß/Activin signaling plays important roles in cardiomyocyte proliferation and scar formation [41, 42] . Hedgehog signaling was also recently shown to be important for cardiomyocyte proliferation during heart development and regeneration [42] . Furthermore, the Hippo-YAP pathway regulates cardiomyocyte proliferation and heart size by coupling to IGF signaling in mice [37] . It is possible that Igf signaling coordinates with these signaling pathways to regulate cardiomyocyte proliferation during zebrafish heart regeneration. Furthermore, TGFß/Activin signaling might be involved in the beneficial interplay between scar-based repair and cardiomyocyte proliferation based regeneration during heart regeneration [41] . This dynamic interaction likely depends on the balance between scar formation and myocardial regeneration, and loss of Igf signaling may shift the balance towards scar formation. Figure S1 igf2a expression is not detected during zebrafish heart regeneration. ISH was performed on uncut hearts (A) and 3 dpa (B), 7 dpa (C), 10 dpa (D) and 14 dpa (E) regenerating hearts. There is no detectable igf2a expression in regenerating hearts by ISH. Scale bar = 100 mm. v: ventricle; ia: injured area. It was shown previously that embryos injected with igf1r morpholinos exhibited severely reduced body length at 24 hpf [43] , raising the possibility that blocking Igf signaling inhibits overall embryonic growth and development in general. We examined embryo length and overall development of Tg(hsp70:dnigf1ra-GFP) embryos or embryos treated with the Igf1r chemical inhibitor NVP-AEW-541 from 48-72 hpf. We observed only a very mild reduction in the length of the inhibitor treated (3.7%) and transgenic embryos (5.7%) ( Figure S2. A-E) . These results suggest that the reduced cardiomyocyte numbers are unlikely caused by effects of Igf signaling on overall embryo growth and development indicating Igf signaling is required for zebrafish heart development. (TIF) Figure S2 Inhibiting Igf signaling in zebrafish embryos results in mild defects in overall length. WT embryos were treated with DMSO as a control (A) (n = 20) or the Igf inhibitor NVP-AEW541 (B) (n = 20) from 48-72 hpf. Tg(hsp70:dnigf1ra-GFP) (D and E) and non-transgenic control (C) embryos were heat shocked twice at 48 and 72 hpf for 30 mins at 40uC. The embryos were observed at 76 hpf using a confocal microscope. Tg(hsp70:dnigf1ra-GFP) were identified by GFP expression. The length of the inhibitor treated embryos is about 3.2% shorter than untreated control embryos, and the Tg(hsp70:dnigf1ra-GFP) transgenic embryos are 5.7% % shorter than non-transgenic control embryos. Figure S4 Down regulation of the dnigf1ra transgene is detected after 30 days of heat shock. Wild type or Tg(hsp70:dnigf1ra-GFP) were heat shocked from 2-14 or 2-30 dpa. ISH was performed to assess dnigf1ra transgene expression in 14 dpa and 30 dpa regenerating hearts. Strong dnigf1ra transgene expression was detected at 14 dpa (B). Weak or no expression of the dnigf1ra transgene was detected at 30 dpa (D). Scale bar = 100 mm. v: ventricle, ia: injured area, epi: epicardium. (TIF) Figure   S5 Non heat-shocked control for the Tg(hsp70:dnigf1ra-GFP) fish experiment. BrdU incorporation was determined in non heat-shocked (Non-HS) Tg(hsp70:dnigf1ra-GFP) control fish (n = 4) (A and A') and heat shocked (HS) Tg(hsp70:dnigf1ra-GFP) transgenic zebrafish (n = 6) (B and B'). Tg(hsp70:dnigf1ra-GFP) transgenic were heat shocked for 1 h at 38uC after amputation from 2-10 dpa. Non heat-shocked control fish were kept in the regular system. BrdU (green) and Mef2 S.E. A significant decrease (*p,0.05) in cardiomyocyte proliferation was detected in Tg(hsp70:dnigf1ra-GFP) fish. (TIF)
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